Reproducible synthetic method for the topological superconductor Cu x Bi 2 Se 3 
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We report a reproducible synthetic method for superconducting Cu- intercalated Bi2Se3 by an 
improved melt growth method. Avoiding the production of Cu2Se, which has a higher melting point 
than that of Bi2Se3, and quenching Cu-Bi-Se mixtures at the liquid phase are keys to obtaining good 
superconducting samples in a reproducible manner. 
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Recently, a new class of materials, named as a topo- 
logical insulator, has been predicted theoretically. pHa] 
This type of insulator is characterized by a bulk band 
gap and topologically-protected metallic surface states 
in the band gap. Subsequently, surface sensitive ex- 
periments such as Angle-resolved photoemission spec- 
troscopy (ARPES) JJial and Scanning tunneling spec- 
troscopy (STS) showed the existence of the surface 
state in the bulk band gap of Bi-based materials such as 
Bii-^Sb^, Bi2Se3, and Bi2Te3, and confirmed that they 
compose the material group of topological insulator. 

One of the next research directions in the field of the 
topological order of materials is the subject of topological 
superconductors. [§, [qI— Tl3lj The concept of the topological 
superconductor is a direct analogy between topological 
band theory and superconductivity, where the supercon- 
ducting gap corresponds to the gap of the band insu- 
lator. It is characterized by a superconducting gap in 
the bulk, and topologically-protected gapless state in the 
superconducting gap. The topological superconductors 
have attracted much attention since they are predicted 
to have Majorana Fermions as protected bound states 
on the edge. Indeed, Majorana Fermion is a strange 
excitation, where particle is equal to anti-particle, and 
can be utilized as a candidate of novel type of quantum 
computing. [Tij Therefore, it is extremely important to 
understand physical properties of topological supercon- 
ductors both in the ground state and in the excited state. 

Hor et al. reported superconductivity in Cu- 
intercalated Bi 2 Se3, CojT^Ses with 0.1<z<0. 3. (the op- 
timal single crystal compositions with 0.12<x<0.15) jig 
Cu atoms intercalated into the van der Waals gaps be- 
tween Bi 2 Se3 layers act as electron dopants, leading to 
superconductivity at around 3.8 K. Since Bi2Se3 is one 
of typical Bi-based topological insulators and the topo- 
logical surface states remained in the band gap originat- 
ing from the host material, Bi2Se3,[l|| Cua;Bi2Se3 was 
expected to be the first example of the topological super- 
conductor. Thus, it is urgent task to study the physical 
properties of Cu x Bi2Se3.@ 

However, it has been known that it is difficult to obtain 
high-quality samples of Cu x Bi 2 Se3. In fact, supercon- 
ducting shielding fractions firstly reported by Hor et al. 



were rather small (~ 20 %) in comparison with other su- 
perconducting materials and the resistance did not reach 
zero below Tc. 

Kriener et al. electrochemically synthesized high- 
quality samples of Cua;Bi2Se3[l3|, the SC volume frac- 
tion of which was about 50 %. In the superconducting 
state of their sample, the tunneling spectra with zero- 
bias conductance peaks was observed by point contact 
spectroscopy, [lj^ suggesting the existence of the gap- less 
state in the superconducting gap, consistent with a the- 
oretical predictions for Majorana excitations, and this 
is considered to be an evidence for the realization of 
the topological superconduct ivity . On the other hand, 
a more recent tunneling study[20j and an Andreev reflec- 
tion study (2lj did not find any zero-bias anomaly. There- 
fore, further extensive investigations are necessary to es- 
tablish the existence of topological superconductivity in 
these materials. 

However, it is still difficult to synthesize superconduct- 
ing samples, even using the method reported by Kriener 
et al. This means we still need to look for different 
methods to fabricate good superconducting sample of 
Cu ;E Bi2Se3 in a reproducible manner. 

In this paper, we develop a new method to synthe- 
size good superconducting CojT^Ses samples based on 
the discussion of the reason why the conventional melt 
growth method could not achieve good results. We con- 
firmed that Cu atoms were consumed by the production 
of the by-product, Cu2Se, in the stoichiometric mixture, 
which avoided Cu- intercalated Bi2Se3 to be synthesized. 
Cu 2 Se is produced by the direct reaction of Cu and Se 
sublimated in the evacuated sealed ampule in the pro- 
cess of the increase in temperature in a furnace. Since 
the melting point of Cu2Se is 1050 °C, Cu2Se produced in 
the initial process seems not to be melting during the pro- 
cess of keeping the mixture in the quartz tube overnight 
at 850 °C, which exists also in Hor's procedure. There- 
fore, the most essential point is to avoid the production of 
Cri2Se during the initial reaction process. Based on this 
idea, we developed an improved melt growth method, the 
so-called two-step method, where we use CuSe, higher ox- 
idized Cu-Se material, as a precursor in order to avoid the 
production of Cu2Se in the crystal growth of Cu x Bi2Se3. 
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FIG. 1. (a) Temperature dependence of resistivity showing 
a zero resistance at T c =2.7 K. The inset shows the temper- 
ature dependence of the resistivity for wide temperature re- 
gion, (b) The temperature dependence of the magnetization 
of samples synthesized by the two-step method and the single 
step method. Magnetization data of the sample fabricated by 
the two step method shows the SC volume fraction of 15 % 
at 2.0 K. 



By this improvements, and also by the refinement of the 
quenching condition, we become always able to obtain 
samples, which mostly attain zero resistances and found 
that SC is observed in Cu^I^Sea for an extraordinary 
wide x range, 0.03<x<0.5. 

In the two-step method, we first synthesize CuSe as 
a precursor, since the melting point of CuSe (387 °C) 
is much lower than that of Bi2Se3, 710 °C; The final 
stoichiometric mixtures of Cu and Se (i. e. 0.15:3 in 
Cuo.i5Bi2Se3) are sealed in an evacuated quartz tube, 
and are kept at around 900 °C overnight. Then, it is 
quenched in cold water to avoid the production of Cu2Se. 
According to the equilibrium phase diagram of Cu-Se 
system, [22[ Cu2Se produces widely for all value of Cu/Se 
ratio. Thus, the quenching process is always needed to 
avoid the production of Cu2Se. The absence of Cu2Se, 
and the presence of CuSe are confirmed by XRD mea- 
surements. After the above procedure, the quartz tube 
is opened and the stoichiometric quantity of Bi is added. 
Hereafter Hor's procedures are applied. 



The superconducting samples were characterized by 
measurements of the dc magnetization and transport 
properties. A commercial SQUID magnetometer (Quan- 
tum Design, MPMS5) was used to obtain the magneti- 
zation data. The electrical resistivity and the Hall coef- 
ficient Kh were measured by a standard six-probe tech- 
nique, where the electrical current was applied in the ab 
plane, and magnetic field was applied perpendicular to 
the ab plane. 

Figure [T] shows the temperature dependence of (a) elec- 
trical resistivity and (b) magnetic susceptibility of a typ- 
ical sample (x=0.1) obtained by the two-step method at 
around the superconducting transition. In Fig. 1(b) the 
results of the single step-method (Hor's procedure) is also 
displayed. The effect of the two step method on the ap- 
pearance of the superconductivity is clear. The resis- 
tivity measurement shows a zero resistance below about 
2.7 K. The magnetization measurement shows that these 
samples to be a bulk superconductor, with the shielding 
fraction of about 15 %. The carrier concentration, n, 
estimated from at 4.2 K, is almost temperature inde- 
pendent and takes the value of about 1.0 x 10 20 cm~ 3 . It 
is noteworthy that the value is the same as those of the 
electrochemically-synthesized samples by Kriener et al, 
who reported that the shielding fraction reached about 
50 

Next, we investigate the dependence of superconduct- 
ing properties on the quench temperature. Thin quartz 
tubes (7 mrrup) were used in order to measure a lump 
of materials synthesized in one process. Figure [5] shows 
the temperature dependence of magnetic susceptibility 
for samples with x=0.1 quenched at 700 °C and 620 °C. 
The Cu composition, x=0.1, is lower than that reported 
by Hor et al, where they observed superconductivity. 
The result clearly indicates that the appearance of the 
superconductivity depends on the quench temperature, 
and gives clear clues to establish novel reproducible syn- 
thetic method for superconducting Cua,Bi2Se3. 

Recently, Babanlya et al. reported poly-thermal phase 
diagram of Cu-Bi2Se3.[23| We try to understand how 
superconducting samples are obtained by our two step 
method, based on this phase diagram. Figure [3] shows the 
schematic view of Cui_ :E -(Bi2Se3) ;E phase diagram in the 
high x region. According to the phase diagram, the verti- 
cal line at Cuo.i-(Bi 2 Se3)o.g crosses the phase boundary 
line, which divides the area above 620 °C into the Liq- 
uid phase and the phase of Liquid+Bi2Se3. This should 
account for our previous result that the superconductiv- 
ity appeared only in the sample quenched at 700 °C. 
These results clearly indicate that the emergence of the 
superconductivity needs the quench at the liquid phase 
of Cu-Bi-Se mixtures. In the sample quenched at 620 °C, 
Bi2Se3 alone crystallizes without the intercalation of Cu 
atoms. Thus, single crystals of Bi 2 Se3 naturally do not 
show the superconductivity. Namely, a recrystallization 
process to purify chemicals occurs. It should be noted 
that for the x range from 0.1 to 0.3 in Cu x Bi2Se3 where 
Hor et al. observed superconductivity is also located in 
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FIG. 2. Temperature dependence of SQUID magnetization of 
Cuo.iBi2Se3 samples quenched at 700 °C (open square) and 
at 620 °C (filled square). FC and ZFC represent field cooled 
data and zero-field cooled data, respectively. 
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FIG. 3. Schematic view of Cuz-FfeSea phase dia- 
gram in the high x region (A) Liquid+Bi2Se3, (B) 
Liquid+CuBi 3 Se5+Bi 2 Se3, (C) Bi 2 Se3+CuBi 3 Se 5 +BiSe- 
based material, (D) Liquid+CuBisSes. The optimal 
composition where Hor et al. found the superconductivity 
is indicated by the horizontal dashed line in the figure. 
(Cui-B-fBfeSea)* with 0.87<z<0.89.) 



the liquid phase at 617 °C.@ 

Our findings suggest the possibility that superconduct- 
ing Cu- intercalated Bi2Se3 is produced in the wide x 
range, since the liquid phase occupies widely in the Cu- 
Bi2Se3 phase diagram. In fact, by quenching the mix- 
tures at 750 °C, which is higher than the melting point 
of Bi 2 Se3, we observed the superconductivity for the x 
range from 0.03 to 0.5, which is rather wider range than 
reported by Hor et al. However, the transition temper- 
ature and the volume fraction seemed to have no corre- 
lation with the stoichiometric Cu concentration. So, we 
investigate the sample produced in the same quartz tube 
in detail. 

We examine the location dependence in a quartz tube 



for the existence of superconductivity. Figure [4] shows 
that the temperature dependence of the magnetization 
of Cuo.i25Bi2Se 3 samples, quenched at 750 °C, located 
at outer part and central part in the same quartz tube. 
The samples were collected as powders from the outer 
part and the central part within 1 mm of the same 
cylindrically-shaped lump, the diameter of which is 8 
mm. This result indicates that the outer part, rapidly- 
solidified by the quenching process, shows the supercon- 
ductivity while the slowly-solidified central part does not 
show superconductivity. This suggests the possibility 
that the concentration of the intercalated Cu depends 
on the location in a cylindrically-shaped lump. 

Figure [5] shows the temperature dependence of the 
resistivity of two samples cut from the same ingot at 
around the superconducting transition. As predicted 
above, the samples even in the same quartz tube show 
different transition temperatures. This difference in the 
transition temperature should be due to the difference 
in the Cu concentration in the sample, since Kriener 
et al. reported the transition temperature depends on 
the intercalated Cu concentration. [171] These results indi- 
cate that it is difficult to synthesize homogeneously Cu- 
intercalated Bi2Se3 even by our two step method. 

It should be noted that the production of Cu interca- 
lated Bi 2 Se3 by the melt growth method must be due to 
the strong stability of a Bi2Se3 layer unit, which forms 
a Bi 2 Se 3 single crystal, being connected by the Van der 
Waals force. In fact, when a Bi2-Se3 mixture is quenched 
even at 900 °C, much higher than the melting point of 
Bi2Se3, single crystals are formed, even though amor- 
phous solids are mostly formed in the case of ordinary 
materials for such conditions. The quenching process 
helps Cu atoms to be left behind in between Bi2Se3 layer 
units in the single crystal, and they consequently act as 
electron dopants, leading to the emergence of the super- 
conductivity. 

In the phase diagram of Fig. 3, there is another 
phase-line at 567 °C in the higher x region of Cui-^- 
(Bi2Se3).j;. This temperature probably coincides with 
the temperature where Kriener et al. annealed their 
samples after the electrochemically-intercalation process 
to emerge superconductivity. To clarify the effect of 
the annealing on samples may give clues to obtaining 
samples with better quality. 

In summary, we reported the reason why the 
conventional melt growth method for synthesizing Cu- 
intercalated Bi2Se3 could not achieve good results, and 
develop the improved method. Avoiding the production 
of Cu2Se and quenching Cu-Bi-Se mixtures at the liquid 
phase were keys to obtaining samples with good super- 
conducting characteristics in a reproducible manner. 
Investigation of the physical properties of Cu2;Bi2Sc3 
samples prepared by this method will contribute to the 
physical understanding of topological superconductivity, 
which is in progress. 
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FIG. 4. Temperature dependence of the magnetization of 
Cuo.i25Bi2Se3 samples located at outer part (open square) 
and central one (filled square) in the same quartz tube. 
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FIG. 5. Temperature dependence of normalized resistance at 
4.5 K of samples synthesized in the same quartz tube. The 
difference in T c should be due to that in the Cu concentration. 
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